Using laser-assisted smoke flow visualization and tracer gas concentration detection techniques, this study examines aerodynamic flow properties and the characteristics of escape from containment, inward dispersion, and cross-cabinet contamination of a biological safety cabinet installed with an air curtain across the front aperture. The experimental method partially simulates the NSF/ANSI 49 standards with the difference that the biological tracer recommended by these standards is replaced by a mixture of 10% SF 6 in N 2 . The air curtain is set up across the cabinet aperture plane by means of a narrow planar jet issued from the lower edge of the sash and a suction flow going through a suction slot installed at the front edge of the work surface. Varying the combination of jet velocity, suction flow velocity, and descending flow velocity reveals three types of characteristic flow modes: 'straight curtain', 'slightly concave curtain', and 'severely concave curtain'. Operating the cabinet in the straight curtain mode causes the air curtain to impinge on the doorsill and therefore induces serious escape from containment. In the severely concave curtain mode, drastically large inward dispersion and cross-cabinet contamination were observed because environmental air entered into the cabinet and a three-dimensional vortical flow structure formed in the cabinet. The slightly concave curtain mode presents a smooth and two-dimensional flow pattern with an air curtain separating the outside atmosphere from the inside space of the cabinet, and therefore exhibited negligibly small escape from containment, inward dispersion, and cross-cabinet contamination.
INTRODUCTION
There are terminology differences in this field between US and European practices. Those relevant to this paper are mentioned here for convenience. 'Biological safety cabinet' (BSC), 'personnel protection', 'Class II Type B2 BSC', and 'descending flow' used in US standards (NSF/ANSI 49) are, respectively, termed 'microbiological safety cabinet' (MSC), 'operator protection/aperture retention', 'fully exhausting Class II MSC', and 'downflow' in British/European standards (BS EN 12469:2000) .
The BSC has been a standard piece of equipment in many laboratories because of the expanding field of biological research. There are three categories of BSCs, which are designated Classes I, II, and III (Clark, 1983a) . The Class II cabinet, which is normally used for general laboratory work, has a flow of sterile air going down from the cabinet ceiling installed with the high-efficiency particulate arresting (HEPA) filter. The flow is drawn through two grilles (or slots), which are, respectively, arranged near the doorsill and the lower rear wall of the cabinet. Some BSCs have air collection apertures apart from the front and rear grilles, such as holes across the entire work surface. The streams drawn through the grilles pass through ducts to a system of fans and filters where part of the flow is recirculated through the working area, and the rest of the flow is exhausted into the atmosphere through a filter. The Class II BSCs are designated Type B1, if 70% of the total flow is recirculated and is designated Type B2 when no flow is recirculated (NSF Joint Committee on Biosafety Cabinetry, 2004) . The Class II Type B2 BSC is the subject of the present study.
Many investigators (e.g. Williams and Lidwell, 1957; Barbeito and Taylor, 1968; Coriell and McGarrity, 1968; McDade et al., 1968; Staat and Beakley, 1968; Akers et al., 1969; McGarrity and Coriell, 1974; Clark and Goff, 1981; Stuart et al., 1982; Clark, 1983a,b; Kruse et al., 1991; Stimpfel and Gershey, 1991; Osborne et al., 1999) have discussed the performance, test method, and containment improvement of the Class II biological cabinet during the past few decades. Clark and Mullan (1978) , Rake (1978) , Macher and First (1984) , and Clark et al. (1990) reported that the cabinet performance is heavily dependent on both the configuration design (which causes various flow situations) and the environmental factors. These results indicate that the personnel protection afforded by the existing BSC may be much less than is generally recognized. Chou (2008) has shown flow patterns of the standard Class II Type B2 BSC under balanced and unbalanced situations, as delineated in the sketches of Fig. 1 . If the descending flow released from the HEPA filter installed at the ceiling and the flows drawn through the front and rear slots are adjusted properly, there may arise a balanced status, which is preferred for operation, as shown in Fig. 1a . If the descending flow from the ceiling and the suction flows through the front and rear slots are not adjusted properly, there may develop a recirculation bubble near the lower back part of the cabinet, as shown in Fig. 1b . The recirculation bubble would induce three-dimensional flow and large turbulence fluctuation in the cabinet and therefore deteriorate the performance of cabinet.
The BSCs should at least have three primary requirements. The first is to protect the operator from inhaling infectious airborne particles that may be released during microbiological manipulations, and this requirement is termed personnel protection. The second is to protect the product from contamination from the environment and is termed 'product protection'. The third is to avoid cross-contamination of the test materials placed in the cabinet, a requirement termed 'cross-contamination protection'. To examine the effectiveness of these three protections of a BSC, researchers should methodically examine the escape from containment, inward dispersion, and cross-cabinet contamination. In order to fulfill the first and second requirements, the cabinet would need a mechanism that isolates or reduces exchanges of mass and momentum across the front aperture. In order to fulfill the third requirement, the in-cabinet flow needs to have not only relatively few and relatively mild three-dimensional characteristics but also low turbulence fluctuations. By setting up a pushpull air curtain across the front aperture, this study modifies the structure of the existing BSC to increase the cabinet's isolation capability across the front aperture. In addition, the rear suction slot is blocked as a way to reduce the generation of three-dimensional flow in the cabinet. The current study examined flow field characteristics and performance properties by using a laser-assisted smoke flow visualization method and tracer gas concentration measurements.
EXPERIMENTAL METHODS

Air-curtain cabinet
The air-curtain technique has been successfully applied to a chemical fume hood (fume cupboard) by Huang et al. (2007) . By installing a down-blow However, the HEPA filter has to be installed on the top of the BSC to provide clean airstream to the material being handled. Therefore, the flow field and the in-cabinet pressure distribution (which are induced by the interaction among the environmental air, the push jet, the suction flow, and the sterile descending flow) will become much more complicated than those of the chemical fume hood.
The air-curtain BSC used for this study is made of acrylics, as shown in Fig. 2 . The front aperture width of the cabinet is 113 cm. The height, width, and depth of the cabinet are 132, 148, and 58 cm, respectively. Cross-flow fans are installed on the top of a doublelayered sash (with a channel inside) to provide the push jet of velocity V b . The suction at a velocity V s is provided solely by a slot arranged across the front edge of the work surface and behind the doorsill. The width and length of the suction slot is 3 Â 135 cm. The slot width of 3 cm is drastically smaller than those of the conventional BSC's front and rear grilles, which commonly have a width of $7 to 10 cm. Use of such a small suction slot width is a result of optimized considerations regarding the mix of suction force, flow rate, and pressure drop (Huang et al., 2007) . A HEPA filter is installed atop the cabinet to provide sterile air going downward at velocity V c . Honeycombs were inserted into the passage of the sash and into the duct downstream of the suction slot to improve both the uniformity of the jet and the Flow and performance of an air-curtain BSC 427 suction flow velocities. Inverters serve to control the flow speeds. The jet issued from the lower edge of the sash in conjunction with the suction force applied by the slot behind the doorsill will set up an air curtain across the front aperture to separate the interior of the cabinet from the outside atmosphere. The rear suction slot commonly used in the conventional cabinet is not adopted in the air-curtain cabinet. The reason for blocking the rear suction slot concerns the fact that coexistence of the front and rear slots causes the descending flow to bifurcate and create a stagnation point on the work surface. These events are shown in Fig. 1 
Flow visualization and velocity measurement
A mineral oil mist produced by a home-made smoke generator is continuously seeded into the passage of the double-layered sash and released with the push jet. The diameter of the oil mist particles, measured by means of a Malvern 2600C particle analyzer, was 1.7 -0.2 lm. The density was 0.821 g ml
À1
. Considering the effect of turbulent diffusion withstanding, the Stokes number was in the order of 10 À6 within the range of the experiment. Therefore, the particles could properly follow the flow fluctuations at least up to 10 kHz (Flagan and Seinfeld, 1988) . A laser light sheet of 0.5 mm thickness revealed the particles of the oil mist. The laser light sheet was obtained from a 100-mW Nd-YAG laser. A Nikon Coolpix 990 digital camera recorded the scattered laser light. The digital camera featured an asynchronous variable electronic shutter so that the exposure time could vary from 1/1000 to 8 s.
A laser Doppler velocimeter served to measure the velocity field. The laser-light beam came from a 6-W argon-ion laser. The green and blue laser lights served to measure two mutually orthogonal velocity components. The digital outputs of the electronic processors were fed into a data acquisition system. Each velocity data record consisted of 10 000 samples, $20 s long. A mineral oil mist identical to that used for the flow visualization was continuously seeded to the region of measurement via a specially designed miniature tube rake. Adjustments to the ejection velocity of the mist served to keep the flow field as isokinetic as possible.
Tracer gas tests
The performance test method used in this study partially simulates the NSF/ANSI 49 standards (NSF Joint Committee on Biosafety Cabinetry, 1992). The NSF/ANSI 49 standards recommend use of the biological tracer (e.g. spores of Bacillus subtilis var. niger). The BS EN 12469:2000 standards (European Committee for Standardization, 2000) brings the bacterial testing method into line with those specified by the NSF/ANSI 49, although the option of a potassium iodide challenge method remains. The protection tests (personnel, product, and cross-contamination) enforced by these two sets of standards are the same. Sulfur hexafluoride (SF 6 ) functioned as the tracer gas for evaluating the performance of the BSC in consideration of its convenience of access and quick preparation for use. Ten percent SF 6 in N 2 was used. The current study conducted tests for personnel protection, product protection, and cross-contamination protection. The BS EN 12469:2000 standards recommend the height of the front aperture to be between 16 and 25 cm (this is the common range of practical operation of BSC). In this study, the front aperture height H was set at 25 cm. The BS EN 12469:2000 standards also recommend that the mean inflow velocity across an aperture (for operator protection) and the mean descending velocity (for product protection) be !0.4 and 0.25-0.50 m s
À1
, respectively. In this study, the mean inflow velocity across the aperture and the mean descending velocity V c were 0.46 m s À1 (corresponding to suction velocity V s 5 10 m s À1 ) and 0.32 m s
, respectively. These numbers fall into the ranges recommended by the BS EN 12469:2000.
The detector was the Miran SapphIReä infrared analyzer, which is a single-beam infrared spectrometer. The lower and upper limits for the detection of SF 6 with this instrument are 0.001 and 100 p.p.m., respectively. The resolution can be set at either 0.01 or 0.001 p.p.m. for display. The instrument is calibrated in-house over four ranges: 0-1, 1-4, 4-24, and values .24 p.p.m. For concentrations ,0.001 and .4 p.p.m., the calibration curves serve to calculate the values. However, the calculated values ,0.001 p.p.m. actually mean 'undetectable' or 'ignorable.' The time constant is 0.05 s. The internal sampling rate of the detector is 20 readings per second. Average values over 1 or 10 s were recorded in this study (depending on the necessity of experimental conditions) so that the recording data rate was 1 or 0.1 Hz. The inlet diameter and the effective flow rate of the detector probe were 1.3 cm and 14 l min À1 , respectively. Figure 3 shows the hand sketches (Fig. 3a,b ) and a photograph (Fig. 3c ) of the test rig for the personnel 428 R. F. Huang and C. I. Chou protection test. All the experimental conditions (except the ejected material) followed the recommendations of NSF/ANSI 49. A circular cylinder made of an aluminum alloy with a diameter of 6.3 cm was placed at the center of the cabinet. The cylinder served to examine the effect of operator hand insertion into the cabinet. A gas ejector was placed in the cabinet on the symmetry plane and pointing toward the aperture plane. It was fixed at a height of 36 cm from the work surface with the ejector exit 7 cm away from the inner wall of the sash. From there, the 10% SF 6 /90% N 2 mixture was issued outward at a velocity of 0.5 m s À1 . The structure and primary dimensions of the gas ejector are shown in Fig. 4 . In total, eight sampling probes were installed outside the cabinet both near the sash and near the front aperture, which are shown in the figure. The probes were pointing toward the aperture plane, and the inlets of the probes were 4 cm away from the aperture plane. The sampling probes were connected to the inlets of a mixing chamber by means of Teflon tubes of equal lengths. The detector probe was affixed to the outlet of the mixing chamber and guided to the Miran SapphIReä infrared analyzer. Each sampling probe had, at the inlet, a funnelshaped effuser whose inner diameter was 2.7 cm. The suction velocity at the inlet of the funnel-shaped effuser was $0.05 m s À1 . When the test was performed, the detector started to measure the SF 6 concentration at the time designated 0. The gas ejection started and stopped at the 5th and the 11.5th minute, respectively. At the 30th minute, the measurement of the gas analyzer stopped. Data were recorded for 30 min. After completion of the entire measurement cycle, a sampling probe was placed under the circular cylinder and above the suction slot to examine the SF 6 concentration of the drawn gas. This in-cabinet measurement was retained for reference. Figure 5 shows the hand sketches (Fig. 5a,b ) and the photograph (Fig. 5c ) of the test rig for the product protection test. The gas ejector shown in Fig. 4 was placed outside the cabinet on the symmetry plane and pointing toward the aperture plane. It was fixed at a height of 36 cm from the work surface with the ejector exit 10 cm away from the outer wall of the sash. From there, the 10% SF 6 /90% N 2 mixture was issued outward at a velocity of 0.5 m s
. A rectangular sampling box of 11 Â 46 Â 1.5 cm (Fig. 6 ) was placed on the positions denoted p1-p7 in Fig. 5 , and this placement occurred consecutively for each run of experiments: the goal was to detect the SF 6 concentration. The suction velocity at the top of the sampling box was 0.005 m s À1 . Twenty tubes with a diameter of 3 mm extruding from the sampling box of Fig. 6 were connected via Teflon tubes to a mixing chamber and subsequently were passed through the gas analyzer for measurements of average concentration. When the test was performed, both the gas ejector and the gas analyzer were turned on at the time designated zero. After 5 min of measurement, the gas ejector and the gas analyzer were turned off simultaneously. Data were recorded for 5 min. The measurements were conducted at the positions p1-p7 consecutively by means of the rectangular sampling box. After the completion of each position, the sampling probe was placed under the circular cylinder and above the suction slot to facilitate examination of the drawn gas's SF 6 concentration. Figure 7 shows the hand sketches (Fig. 7a ) and the photograph (Fig. 7b ) of the test rig for the crosscontamination protection test. The gas ejector was inserted through the left or right cabinet wall at the location shown in Fig. 7 . From there, the 10% SF 6 /90% N 2 mixture was issued outward at a velocity of 0.5 m s
. When the test was performed, both the gas ejector and the gas analyzer were turned on at the time designated zero. After 5 min of measurement, the gas ejector and the gas analyzer were turned off simultaneously. Data were recorded for 5 min. The sampling box was placed at the positions p1 and p2 consecutively for each run of measurement, thereby facilitating measurement of the reference and cross-contamination concentrations, respectively. The 'tracer gas concentration' measurements were conducted five times in the laboratory. At intervals, each of which was $4 months in length. For each run, the relative trends of the measurement results are quite similar to one another. The maximum variation of the detected leakage concentration values among these five replicate tests is ,12.2% of the average value. The data presented in this article are the averages of the five replicate tests.
RESULTS AND DISCUSSION
Flow field characteristics
Releasing the smoke with the jet issued from the sash channel revealed three fundamental flow patterns of air curtain corresponding to different Figure 8 shows the typical oblique view of flow patterns on the symmetry plane. In Fig. 8a for the 'straight curtain' pattern, the issued jet goes downward in a straight fashion during the initial stage of development. Near the doorsill, smoke particles disperse outward to the environment. The dispersion of jet flow near the doorsill area may tentatively cause escape from containment. For the 'slightly concave curtain' pattern, as shown in Fig. 8b , the jet issued out of the sash nozzle deflects a little toward the interior of the cabinet and deflects back to the suction slot located behind the doorsill. In Fig. 8c for the 'severely concave curtain', the issued jet deflects at a large angle into the cabinet, impinges on the cabinet floor, and bifurcates into two streams: one is drawn into the suction slot and the other rolls up to form a recirculation vortex in the rear part of the cabinet. The formation of the vortex near the rear part of the cabinet may tentatively induce the threat of three-dimensional flow and large turbulence intensity in the cabinet. Figure 9 shows the characteristic domain at jet velocity V b 5 1 m s
À1
. The bands composed of short slashed lines that divide the characteristic regimes into different aircurtain patterns. The width of the slashed line bands denotes the uncertain range of identification. Figures 10 and 11 show, respectively, the side and front views of the velocity vectors and associated stream traces. Figure 10a ,b presents the flows of the severely concave mode in the side-view planes across x 5 0 (symmetry plane) and 27 cm (offset plane). Across the symmetry plane (Fig. 10a) , a recirculation bubble forms near the lower rear wall, an occurrence similar to that observed in Fig. 8c . Across the offset plane (Fig. 10b) , the recirculation bubble becomes smaller and is not as clear as that in the symmetry plane. Figure 10c ,d presents the flows of the slightly concave curtain mode in the side-view planes across x 5 0 and 27 cm. All the stream traces smoothly converge to the suction slot without any reversal. In the front-view plane across y 5 29 cm, the velocity vectors and stream traces of the severely concave mode shown in Fig. 11a present relatively rugged patterns when compared with those shown in Fig. 11b for the slightly concave curtain mode. The flow field of the severely concave mode apparently has much larger temporal and spatial chaotic motions than the slightly concave curtain mode has. The turbulence intensity of the slightly concave curtain mode is low at $0.4%, while in the severely concave mode, it can attain a high value of almost 1.6%. The high turbulence intensity induced by the vortical and three-dimensional flows in the severely concave mode would be detrimental to the performance of the safety cabinet. Figure 12 shows the flow patterns of three characteristic modes when the smoke particles are released with the gas ejector fixed in the cabinet and pointing A circular cylinder is placed at the symmetry plane. The ejected gas disperses to the outer environment in the straight curtain mode, as shown in Fig. 12a . In the severely concave curtain mode, as shown in Fig. 12b , the ejected gas goes along the surface of the circular cylinder and merges toward the rear recirculation area. In the slightly concave curtain mode shown in Fig. 12c , the ejected gas goes down, passes across the circular cylinder, and is drawn into the slot without dispersion. In the case of simulating a product protection test by setting the gas ejector outside the sash and pointing it inwards, as shown in Fig. 13 , the flows behave similarly to those of Fig. 12 . Figure 14 shows the flow patterns of three characteristic modes when the smoke particles are released with the gas ejector fixed at the right cabinet wall to simulate the cross-contamination test. Three laser-light sheets are applied. One is placed horizontally and two are aligned vertically. At the straight curtain mode, as shown in Fig. 14a , the gaseous jet is deflected by the in-cabinet flow and drawn by the suction slot. The situation is similar to the fundamental subject 'jet in crossflow', which has been widely studied by investigators (e.g. Huang and Lan, 2005) . When a jet issued from a tube or nozzle is 'flushed' by a crossflow, the primary factors of both influencing its bending angle (or penetration distance, which is the distance from the exit of the tube to the location where the jet is bent over) and characteristic flow pattern are the jetto-crossflow momentum flux ratio and the turbulence intensity of crossflow. A large jet-to-crossflow momentum flux ratio would induce a large penetration distance. Large turbulence fluctuation and threedimensional components in the crossflow may lead to high dispersion. In Fig. 14a , the smoke particles issued with the jet can be observed not only on the vertical plane near the wall but also on the plane far from the wall. It is apparent that the laterally ejected gas can disperse far in the straight curtain mode. In the severely concave curtain mode, as shown in Fig. 14b , the ejected gas does not disperse to the far vertical plane. On the contrary, the smoke can be clearly observed on the horizontal plane and the rear part of the vertical plane near the wall, a finding indicative of the existence of a three-dimensional flow structure. In the slightly concave curtain mode, as shown in Fig. 14c , the phenomena of far dispersion and threedimensional flow structure as observed in the straight curtain and severely concave curtain modes are not observed. The flow patterns near the left cabinet wall present behaviors similar to those shown in Fig. 14 for the right cabinet wall. From the results of flow visualization as discussed in above sections, we found that operating the aircurtain BSC in the straight curtain mode would risk causing escape from containment. Operating the cabinet in the severely concave curtain mode may induce severe dispersion of environmental materials into the cabinet as well as the three-dimensional flow structure. The slightly concave curtain mode may be a better option for the personnel, product, and crosscontamination protections.
Escape from containment Table 1 shows the results of tracer gas concentration measurements, which use the test rig of Fig. 3 to partially simulate the 'personnel protection test' of NSF/ANSI 49.
In the straight curtain mode, the averaged and maximum SF 6 concentrations C ave detected under the circular cylinder and above the suction slot over the measurement period 30 min are 3.92 and 69.3 p.p.m., respectively. The concentrations of SF 6 detected outside the aperture [(C ave , C max ) 5 (25.2, 94.9) p.p.m.] present drastically higher values than those measured above the suction slot. Apparently, operating the cabinet in the straight curtain mode would induce drastic escape from containment. The serious leakage would be caused by the impingement of a sash jet on the doorsill. A depiction of this occurrence corresponds to the flow visualization pictures of Fig. 12a . In the severely concave curtain mode, the reference concentration of SF 6 detected under the cylinder presents high values with an average of 26.6 p.p.m. and a peak of 130.7 p.p.m. The averaged and maximum concentrations of SF 6 detected outside the aperture are relatively low: 0.001 and 0.005 p.p.m., respectively. This phenomenon also coincides with the flow-visualization results shown in Fig. 12b , where no apparent traces of smoke particles are observed outside the cabinet. However, because the recirculation bubble and the three-dimensional flow structure are induced in the cabinet, turbulent dispersion becomes inevitable. Therefore, a small but non-negligible quantity of SF 6 is detectable outside the cabinet. In the slightly concave curtain mode, the reference concentration presents 23.6 and 109.0 p.p.m. for the averaged and maximum values, respectively. The detected SF 6 concentration outside the aperture presents non-detectable values: both the averaged and the maximum values are ,0.001 p.p.m., which is the lower detectable limit of the instrument. No appreciable fluctuations are detectable during the measurement period of 30 min. This result coincides with the observation of the flow visualization picture of Fig. 12c , wherein the air curtain and the ejected gas are all smoothly drawn into the suction slot. Table 2 shows the results of tracer gas concentration measurements in the straight curtain, severely concave curtain, and slightly concave curtain modes by using the test rig of Fig. 5 to partially simulate the product protection test of NSF/ANSI 49. The gas ejector is placed outside the aperture plane and pointing inwards.
Inward dispersion
In the straight curtain mode, the reference concentrations of SF 6 detected under the circular cylinder are high: C ave 5 48.5 p.p.m. and C max 5 79.4 p.p.m. The averaged SF 6 concentrations detected by the rectangular sampling boxes (p1-p7) placed on the work surface present levels from 10 À2 to 10 À1 p.p.m. relative to the order of magnitude. The maximum SF 6 concentrations are high relative to the order of magnitude of one. A small quantity of ejected gas apparently penetrated into the cabinet, although the smoke flow pattern of Fig. 13a does not show clearly the inward dispersion. The values of C ave measured at p3 and p5 (these two locations are symmetric about the center location p4) differ significantly from each other in relation to the order of magnitude of one because the flow has threedimensional characteristics in the straight curtain mode.
In the severely concave curtain mode, the reference concentrations measured above the suction slot are extremely large: C ave 5 92.8 p.p.m. and C max 5 116.3 p.p.m. The readings obtained from the rectangular sampling boxes (p1-p7) placed on seven positions of the work surface present levels from 10 to 10 2 p.p.m. relative to the order of magnitude except for the positions p1 and p2. The inward dispersion induced in the severely concave curtain mode is much higher than that in the straight curtain mode. Regarding C ave and C max , the differences between p1 and p7 as well as between p2 and p6 are tremendous. This is because the flow in the severely concave curtain mode has severe three-dimensional characteristics and a vortical structure. This result is not surprising because the gas ejected from the ejector, which is placed outside the aperture, would be drained into the cabinet with the severely concave air curtain and would form a three-dimensional flow structure, as has been shown in the flow visualization picture of Fig. 13b . The SF 6 concentrations detected in the cabinet therefore are extremely high. In the slightly concave curtain mode, the reference concentrations (C ave 5 67.4 p.p.m. and C max 5 88.5 p.p.m.) are between those measured in the straight curtain mode and those in the severely concave curtain mode. The time histories of the SF 6 concentration (which are not shown here) measured at seven positions (p1-p7) on the work surface over 5 min present apparently negligible fluctuations. The averaged concentrations of SF 6 measured at seven positions are all non-detectable (,0.001 p.p.m.) . The maximum concentration is only 0.001 p.p.m. at positions p2, p3, and p5 and 0.002 p.p.m. at positions p1, p4, and p6. The smooth flow structure with the protection of the air curtain appearing in Fig. 13c brings out this result. Table 3 shows the results of tracer gas concentration measurements in the straight curtain, severely concave curtain, and slightly concave curtain modes by using the test rig of Fig. 7 to partially simulate the 'cross-contamination test' of NSF/ANSI 49. The gas ejector is installed latterly and horizontally on the sidewalls.
Cross-cabinet contamination
In the straight curtain and severely concave curtain modes, the reference concentrations of SF 6 detected by the rectangular sampling box placed near both the left and right walls are very high, $200 p.p.m. The concentrations detected by the sampling box placed at 36 cm from the left wall are still high, 49.7 and 27.6 p.p.m. for the straight curtain mode and the severely concave curtain mode, respectively. Meanwhile, those detected at the locations 36 cm from the right wall are relatively low: C ave 5 0.003 p.p.m. for the straight curtain mode and 0.011 for the severely concave curtain mode. The 'asymmetric' concentration readings obtained around the areas near the left and right walls were induced by asymmetric three-dimensional flow. The flow patterns shown in Fig. 14a ,b essentially delineate the reasons for such high cross-cabinet contamination in these characteristic modes.
In the slightly concave curtain mode, the reference concentrations near the two sidewalls are $100 p.p.m. The time-averaged concentrations of SF 6 detected by the sampling box, placed 36 cm from the 
In-cabinet pressure variation
The difference between the in-cabinet static pressure and the environmental pressure, which is denoted by DP, was measured by connecting a high-precision electronic 'variable reluctance'-type pressure transducer via polyester tubing to three pressure taps, which were drilled through the rear walls of the cabinet. The three pressure taps were set at the left, center, and right parts of the cabinet so that the average values would be accessible. However, individual pressure values obtained from these three pressure taps show no appreciable difference. The electronic pressure transducer was calibrated by means of a home-made micropressure calibrator. The accuracy is $0.01 N m
À2
. Figure 15a ,b shows the typical results of measurements. For a fixed descending flow velocity V c , the difference between the in-cabinet pressure and the environmental pressure decreases gradually with the increase of suction flow velocity V s . The narrow bands marked by short slashed lines denote the borders between different characteristic flow patterns shown in Fig. 9 . The pressure difference DP always presents positive values (DP . 0) within the range of the straight curtain mode, i.e. the static pressure in the cabinet was a little higher than that of the environment. Because the positive pressure difference existed between the inside cabinet and the environment, the downstream part of the air curtain was 'pushed' slightly outward and impinged on the doorsill. The escape from containment thus became inevitable. In the slightly concave curtain mode, the pressure difference DP always presented slightly Flow and performance of an air-curtain BSC 437 negative values (0 . DP . À0.3 N m À2 ) within the range of the slightly concave curtain mode. The incabinet static pressure under this situation was just a little lower than the environmental pressure so that the air curtain across the aperture was pushed just a little into the cabinet and was subsequently drawn by the suction slot. The air curtain therefore formed a barrier to reduce mass and momentum exchanges between in-cabinet containment and environmental materials. In the severely concave curtain mode, the pressure difference DP always presented values lower than about À0.3 N m À2 . Under this situation, the air curtain was significantly pushed into the cabinet. The escape from containment and the crosscabinet contamination therefore are significantly high, as discussed in the above sections.
CONCLUSIONS
Three primary factors, i.e. jet velocity, suction flow velocity, and descending flow velocity, could affect the flow patterns, the characteristics of escape from containment, inward dispersion, and cross-cabinet contamination of a BSC installed with an air curtain across the front aperture. Improperly supplying descending flow velocity would make the in-cabinet pressure larger than that of the environment and induce a straight air curtain. Under this situation, part of the air curtain flow would impinge on the doorsill of the cabinet and therefore would induce serious escape from containment. Adjusting the suction velocity to inappropriately large values would render the in-cabinet pressure drastically lower than the environmental pressure because the air inside the cabinet would be overdrained. This outcome would, in turn, create a severe inwardly concave air curtain. Under this situation, the air outside the cabinet as well as the air-curtain fluids would enter into the cabinet and induce a three-dimensional vortical flow structure, which would lead to severe inward dispersion of environmental air and cross-cabinet contamination. Properly setting the descending flow velocity and the suction flow velocity in between the straight curtain and the severely concave curtain regimes may make the in-cabinet pressure a little bit lower than the environmental pressure and may form a slightly concave curtain. The flow pattern produced under this situation is smooth and two-dimensional. Consequently, the air curtain separating the outside atmosphere and the inside space of the cabinet leads to negligible escape from containment, inward dispersion, and cross-cabinet contamination. The methodology of the NSF/ANSI 49 and the BS EN 12469:2000 Flow and performance of an air-curtain BSC 439 sets of standards, which treat examinations for personnel, product, and cross-contamination protections, seems to be helpful in the development and evaluation of BSCs under static conditions. The influences of dynamic conditions such as the operator's hand movements and cross drafts are issues that perhaps merit considerable attention. We propose that future research diagnose the air-curtain BSCs by using the biological tracer as recommended by the NSF/ANSI 49 standards or the BS EN 12469:2000 standards.
